Introduction
In view of the strong demand for industrial products with a minimal impact on humans, as well as the environment, for protecting and improving the environmental quality and of protecting human health, the control of certain substances used in products and their materials is being imposed. In the European Union, six substances [lead, cadmium, mercury, hexavalent chromium (Cr 6+ ), and two types of brominated flame retardants, polybrominated biphenyls (PBB) and polybrominated diphenyl ethers (PBDE)] will be prohibited for use in electrical and electronic equipment. The prohibition will start from July 1st, 2006, according to European legislation for the directive on the limitation of hazardous substances in electrical and electronic equipment (RoHS directives). 1 The same substances are regulated by laws in China and California. Many countries have adapted similar legislations affecting wastes, substances, and energy in electrical and electronic products.
There is an urgent need to develop an alternative material or technology for industrial products, especially for Pb, because Sn-Pb solder is widely used in electrical and electronic equipment, such as printed wiring boards. For this reason, Pbfree solders, for example Sn-Ag-Cu 2,3 and Sn-Zn solders, 4 have recently been developed and substituted for Sn-Pb solder.
Even after such hazardous substances are removed from materials in the near term, monitoring of these controlled substances is necessary to ensure compliance with the restrictions on their use. Pb-free solder must especially be monitored, because such solders can be contaminated, for example, in the processes of using both conventional and Pbfree solders, from the solder vessels or the mother materials themselves during the coating process of solder. Even though manufacturers carefully control the quality of Pb-free solders, they have a responsibility to thoroughly confirm the absence of hazardous materials in electrical and electronic products.
Energy-dispersive X-ray fluorescence analysis (EDXRF) is one of the appropriate instrumental techniques as a rapid and non-destructive test method, so-called screening for the presence or absence of these hazardous materials. The application of EDXRF for plastic materials has been reported elsewhere; [5] [6] [7] however, the number of researches regarding applications to metallic materials in electronic components is quite a few. In addition, it is sometimes difficult to analyze quantitatively for very small-area samples, such as electronic components, by an XRF spectrometer whose collimator size is more than 1 mm. In such a small-area analysis, the µ-XRF spectrometer with a collimator size of less than 0.1 mm is effective. Samples with stratified structures with a solder layer must be determined by means of thin-layer analysis using the fundamental parameter (FP) method 8, 9 or the calibration curve method. 10, 11 The aim of the present paper is to establish the µ-EDXRF screening technique for small-area (< 1 mm) samples, such as a Cu contact coated with Pb-free Sn-Ag-Cu solder. In the present work, the distribution of the solder coating in the cross section of a Cu contact was investigated. The segregation of elements, such as Pb and Ag in the solder coating was determined by using a scanning electron microscope (SEM). Then, the µ-EDXRF analysis of Pb in a solder coating using the thin-film FP method was applied in comparison with inductively coupled plasma mass spectrometry (ICP-MS). The µ-EDXRF (energy dispersive X-ray fluorescence) method was applied to the screening of Pb in micrometer-area samples, such as a Cu contact in electrical components that had been coated by Pb-free Sn-Ag-Cu solder. The reliability of the screening method was evaluated by a comparison with a scanning electron microscope (SEM) observation and a precious chemical analysis method of inductively coupled plasma mass spectrometry (ICP-MS). Some factors that affect the testing reliability, such as the thickness of the solder, the segregation of Pb and Ag, etc. were found by SEM observations. By adjusting some calculation parameters, screening of the micrometer area (0.1 mm) was performed using the fundamental parameter (FP) method for a thin film in conjunction with µ-EDXRF. The measurement error ranged by 25% for the thin film-FP method. The resulted detection limit was 0.04 wt% for Pb, depending on the solder thickness. This method can be successively applied for quality control to check the purity of a Pb-free Sn-Ag-Cu solder coating in electrical components. 
Experimental

Apparatus
The µ-EDXRF instrument used in this experiment was an SEA5120 (SII Nanotechnology, Chiba, Japan) equipped with a 50 W Mo side-window tube and a Si(Li) semiconductor detector with an energy resolution of 155 eV at Mn Kα. Table 1 gives the operating conditions for the µ-EDXRF.
The collimator width was 0.1 mm, while the sample width was 0.25 mm. A JSM-5800LV (JEOL, Tokyo, Japan) was used for SEM observations. An ICP-MS, SPQ 6500 (Seiko Instrument, Chiba, Japan) and an ICP-AES, SPS 4000 (Seiko Instrument, Chiba, Japan) were used for chemical analysis.
Investigated samples
The samples of the Cu contact for the electronic components used in this experiment were obtained from the manufacturers. The structure is shown in Fig. 1 . A part of the Cu contact was used. The Cu contact is one of the electrical contacts that are coated with a Sn-Ag-Cu solder on the surface, with a varying Pb concentration as an impurity. The width of the Cu contact was 0.25 mm without the solder.
Thin-film FP method for XRF analysis
For the determination of elements in the solder coating, the thin-film FP method, the software of which was installed in the µ-EDXRF spectrometer was used. The calculation method was based on a published model. 8 Bulk metal (Sn 98.71%, Ag 0.30%, Cu 0.70%, and Pb 0.029%) previously determined by chemical analysis was used for the sensitivity parameter.
The observation of SEM
For a SEM observation, the Cu contact, as shown in Fig. 1 , was fixed in an epoxy resin, and its surface was then polished to investigate the cross section. The sample was probed with an electron beam of 20 kV.
Sample treatment for ICP measurement
Each Cu contact was taken off and etched by an appropriate concentration of nitric acid (Tama Pure AA-100, Tama Chemical, Kawasaki, Japan). After being etched, the solution was diluted with water up to 25 ml. Pb and Ni concentrations were determined by ICP-MS, and other elements were analyzed by ICP-AES.
Results and Discussion
SEM observation
The sample structure is important information for XRF analysis, especially for a stratified structure. According to a cross section observed by a SEM, as shown in Fig. 2a , the sample consisted of both a Cu contact and a Sn-Ag-Cu solder (so called Pb-free solder). The thickness of the solder was different depending on the place. When the tip point of the sample (indicated by a square in Fig. 2a) was analyzed, the segregation of the 1 µm particles of Pb and Ag in the solder was found, as shown in Fig. 2b , in spite of Pb-free solder being used. It was also revealed that Cu and Sn alloy existed at the interface between the solder and Cu contact, as shown in Fig. 2b . The tip point (the square in Fig. 2a) was flat, where the roughness was less than 0.1 mm, and could be considered as a thin film (20 µm) of solder. In this respect, this tip point was thought to be suitable for µ-EDXRF analysis.
Comparison of the thin film FP method for µ-EDXRF and ICP
A representative X-ray spectrum obtained by the µ-EDXRF is shown in Fig. 3 . The trace impurity peaks of Pb, Ni and Fe were found, as well as the main elements of Cu, Ag and Sn. In order to apply the thin-film FP method, this sample should be treated as a two-layer structure: the top thin layer (Sn-Ag-Cu solder with Pb as an impurity) and the internal material (Cu contact). Five parameters are needed; composition of Sn, Ag, Cu and Pb, and the thickness. The thickness of the solder could be calculated by the excitation or the absorption curves. 12 However, because of the presence of Cu in both the solder and the contact, it was difficult to calculate the five parameters. Therefore, the Cu concentration of the solder was fixed as the solder composition before use (0.5 wt%), as a calculation parameter. The results obtained by the thin-film FP method are listed in Table 2 . It was revealed that the Pb concentration in the solder coating varied from under the detection limit to 1.3 wt%. This variation possibly resulted from contamination during the soldering process, and care must be taken to ensure the quality of the sample. The thin film-FP method was recalculated by varying the concentrations of Cu, Fe and Ni in order to investigate the effect on the Pb concentration. However, the Pb determination changed less than 3%. Consequently, the concentrations of Cu in the solder layer and of the other impurities were not seriously affected by the Pb concentration. Consequently, the thin film-FP method is reliable within 25% error for screening of µ-EDXRF method.
Qualitative screening detection limit
The detection limit of the µ-EDXRF achieved in this study was calculated by 3B 1/2 (w/N), where B is the background counts, w the sample contents, and N the net counts. A detection limit of 0.04 wt% was obtained for Pb for the measurement time of 600 s, depending on the coating thickness. This value is thought to be acceptable for the 0.1 mm sample area for screening.
Conclusion
The Pb determination in the Sn-Ag-Cu solder coating using the thin film-FP method by µ-EDXRF can achieve screening within 25% error with respect to the ICP-MS method. Although factors, such as sample thickness, composition, segregation, and 871 ANALYTICAL SCIENCES JULY 2005, VOL. 21 impurities may affect the measurement reliability, µ-EDXRF is an excellent screening method.
